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Introducing noncollinear magnetization into a monolayer CrI3 is proposed to be an effective ap-
proach to modulate the local electronic properties of the two-dimensional (2D) magnetic material.
Using first-principles calculation, we illustrate that both the conduction and valence bands in the
monolayer CrI3 are lowered down by spin spiral states. The distinct electronic structure of the
monolayer noncollinear CrI3 can be applied in nanoscale functional devices. As a proof of concept,
we show that a magnetic domain wall can form a one-dimensional conducting channel of in the 2D
semiconductor via proper gating. This conducting channel is approximately 7 nm wide and has the
carrier concentration of 1013 ∼ 1014 cm−2.
I. INTRODUCTION
Two-dimensional (2D) materials, such as graphene,1
MoS2,
2 etc., have attracted much attention in experi-
mental and theoretical studies owing to their distinct
electronic,3 magnetic4 and optical properties5 and the
potential applications in designing nanoscale functional
devices.6,7 The latter requires effective manipulation of
the physical properties like the conductance, the band
gap and the magnetic orientation. The recent discovery
of 2D magnetic semiconductors8,9 offers new opportuni-
ties in controlling the electronic properties by the magne-
tization10 and vice versa.11 Topological spin waves in the
2D honeycomb lattice have been discovered using neu-
tron scattering.12
Following the intriguing idea of van der Waals het-
erostructures,13,14 the present studies of 2D magnetic
materials are mostly focused on the ferromagnetic and
antiferromagnetic coupling between neighboring layers.
For instance in four layers of CrI3, Song et al. observed
a tunneling magnetoresistance, which was as large as
105%.15 The ferromagnetic and antiferromagnetic cou-
pling in bilayer CrI3 can be artificially switched by a
gate voltage11 or electrostatic doping.16 The van der
Waals spin valve has been proposed17 consisting of bi-
layer graphene between two 2D ferromagnetic layers,
where the electronic properties of the bilayer graphene
strongly depend on the magnetic order of the two fer-
romagnetic layers. However, the magnetic coupling be-
tween 2D layers is much weaker than the in-plane cou-
pling. Therefore tuning the in-plane magnetic order is
more effective to modulate the electronic structure.18,19
In this paper, we use CrI3 as an example of 2D mag-
netic materials and demonstrate the noncollinear mag-
netic order in the monolayer CrI3 results in a novel mod-
ulation of its electronic properties. The physical origin
of such modulation is revealed by first-principles calcu-
lations. The charge redistribution in noncollinear CrI3
results in a noticeable increase of the work function com-
pared with the collinear case. Thus both the conduction
and valence bands are lowered down in the area of a mag-
netic domain wall or a Skyrmion. This energy shift can
be employed, under proper gating, to generate local con-
ducting channels, which can even be moved by a mag-
netic field or spin waves. The noncollinearity-modulated
electronic structure of the monolayer CrI3 may also be
applied in electron-hole separation and creation of the
identical quantum dots.
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FIG. 1. (a) Side and (b) top views of the atomic structure of a
monolayer CrI3. The blue and green balls represent chromium
and iodine atoms, respectively. The red arrow a1 (a2) denotes
the in-plane translational vector along zigzag (armchair) di-
rection. (c) Schematic illustration of a magnetic domain wall
in a monolayer CrI3 and its influence on the electronic struc-
ture. The left (red) and right (blue) magnetic domains have
the upward and downward magnetization, respectively. At
the domain wall (white region), the noncollinear magneti-
zation lowers down both the conduction and valence bands
resulting in potential wells along the domain wall.
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2II. A PROTOTYPE PROPOSAL
The atomic structure of the monolayer CrI3 is shown in
Fig. 1, where chromium atoms form a 2D hexagonal lat-
tice and iodine atoms are located at both sides of this 2D
lattice. The monolayer CrI3 has perpendicular magnetic
anisotropy20,21 so the magnetization has either the up-
ward or the downward orientation out of the 2D plane,
as schematically plotted in Fig. 1(c). A magnetic do-
main wall is located at the boundary of the two magnetic
domains, where there is a continuous transition of the
magnetization orientation. As we will demonstrate later,
the noncollinear magnetization in the area of a domain
wall lowers down both the conduction and valence bands.
Such a modulation of the local electronic structure en-
ables novel applications of the 2D ferromagnetic mate-
rial. For example, an electron can be excited into the
conduction band leaving a hole in the valence band. Due
to the potential gradient, the electron and hole would
move towards the opposite directions leading to a nat-
ural electron-hole separation. With appropriate gating,
the potential well in the conduction band that traps elec-
trons forms a one-dimensional (1D) conducting channel
in the insulating 2D sheet. In addition, since the domain
wall can be moved by a magnetic field or spin waves,22
this conducting channel is spatially relocatable and thus
offers more flexible controllability compared with other
nonmagnetic 2D materials.
III. SPIN SPIRAL STATES
In real materials, the size of domain walls is deter-
mined by competition of exchange interaction and mag-
netic anisotropy energy (MAE). Although the domain-
wall width will be estimated in Appendix A using the
calculated material parameters, we consider the magne-
tization gradient as an imposed parameter to study the
influence of the noncollinearity on the electronic struc-
ture. Specifically, a spin spiral (SS) state is introduced
in a monolayer CrI3. In a SS, the magnetization varies
along a certain direction with a constant spatial gradi-
ent ∇θ, where the polar angle θ is used to describe the
direction of local magnetization, as illustrated in the in-
set of Fig. 2(a). The period of the SS is then defined
by λ = 2pi/|∇θ| and its wave vector q = 2pi/λ = |∇θ|.
A SS essentially correspond to two 180◦ domain walls in
contact with each other.
The calculation is carried out using the projected aug-
mented waves method implemented in the Vienna ab ini-
tio simulation package (VASP).23,24 The general gradi-
ent approximation is employed with the Perdew-Burke-
Ernzerhof (PBE) type exchange-correlation functional.
The wave functions are expanded in plane wave basis
with an energy cutoff of 600 eV. We sample the 2D Bril-
louin zone (BZ) by 10 × 10 k mesh for the hexagonal
primitive cell of CrI3, which contains two Cr and six I
atoms. By comparing to the results obtained using a
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FIG. 2. (a) Calculated magnetic moments of Cr (black di-
amonds) and I atoms (black triangles) in a CrI3 SS with
λ = 24.3 A˚ along the armchair direction. Right axis: the
calculated polar angle θ of Cr atoms (blue diamonds) as a
function of the relative coordinate. The blue dashed line il-
lustrates the linear dependence corresponding to the homoge-
neous magnetization gradient in the SS. Inset: sketch of the
polar angle θ. (b) Calculated energy difference between the
SS and collinear CrI3 as a function of the wave vector of the
SS. The blue and red solid lines are calculated using Eq. (1)
and Eq. (2), respectively, with the fitted values of J1 and J2.
The green dashed line illustrates the quadratic dependence
−(J1/16 + 3J2/8)a2q2.
much denser (80×80) k mesh, we have concluded that
all the calculations in this work are well converged. For
larger systems, we keep the same density of k points un-
changed in the reciprocal space. A 25-A˚-thick vacuum
perpendicular to the monolayer is used in the calculation
to avoid the interaction between neighboring unit cells.
Spin-orbit coupling (SOC) is included in all the calcu-
lations unless otherwise stated. Some convergence tests
are given in Appendix A.
Figure 2(a) shows the calculated magnetic moment of
every atom in CrI3 with a SS along the armchair direc-
tion and λ = 24.3 A˚, which are plotted as a function of
the relative coordinate along the SS direction. Every Cr
atom has a magnetic moment 3 µB while the magnetic
moments of I atoms are negligible. These values are the
same as in the collinear case. The polar angle θ of every
Cr atom in the SS exhibits a linear dependence on the
position. Note that both the direction and magnitude
of the local magnetic moment are fully relaxed in the
calculation indicating that the SS state is a metastable
state. Although the SS state has a higher energy than
the collinear magnetization, it can not spontaneously re-
lax to the collinear state without an energy cost.
The energy difference between a SS state and the
collinear magnetization is plotted in Fig. 2(b) as a func-
tion of the wave vector q. The calculated values can be
well described by the exchange interaction of the nearest
3pairs of Cr atoms (J1) and of the next nearest neighbors
(J2). Specifically, we can write the energy difference ∆E
for zigzag and armchair SSs, respectively, as
∆E =
J1
2
(
cos
qa
2
− 1
)
+
J2
2
[
cos (qa) + 2 cos
qa
2
− 3
]
,
(1)
and
∆E =
J1
4
(
cos
qa√
3
+ 2 cos
qa
2
√
3
− 3
)
+J2
(
cos
√
3qa
2
− 1
)
. (2)
Here a = 7.0 A˚ is the lattice constant, which equals to
the length of the vector a1 in Fig. 1. By fitting the calcu-
lated values of both zigzag and armchair SSs, we obtain
the unified exchange parameters J1 = −10.5 ± 0.6 meV
and J2 = −3.8 ± 0.2 meV, as the blue and red solid
lines in Fig. 2(b). At small q, both Eq. (1) and Eq. (2)
are reduced to be a unified quadratic function ∆E(q) =
−(J1/16+3J2/8)a2q2, as illustrated by the green dashed
line in Fig. 2(b).
It is worth noting that although SOC is included in
our calculation, the MAE is much smaller than the ex-
change energy and is neglected in Eqs. (1) and (2).
This approximation can be justified as follows. The to-
tal MAE of a SS with the unit cell length of one pe-
riod λ and width W can be integrated over the unit
cell −KW ∫ λ
0
dx cos2
(
2pi
λ x
)
= −KWλ2 . Here K =
3.6 meV/nm2 is the MAE calculated in Appendix A.
The same unit cell with collinear perpendicular mag-
netization has the MAE −KWλ. Since the unit cell
contains λW/(
√
3a2/4) Cr atoms, the change in the
MAE per Cr atoms due to the presence of the SS reads
KWλ
2 · λW√3a2/4 =
√
3a2K/8 ≈ 0.4 meV, which is indepen-
dent of the type (zigzag or armchair) and the wave vector.
Therefore the magnetic anisotropy contributes a constant
of approximately 0.4 meV per Cr atom into ∆E, which
is much smaller than the numbers (∼ 10 meV) used in
the fitting and hence can be neglected in practice.
IV. ELECTRONIC PROPERTIES OF
NONCOLLINEAR CRI3
To study the influence of noncollinear magnetization
on the electronic structure, we calculate the density of
states (DOS) of CrI3 without and with a SS state, which
are shown in Fig. 3(a) and (b), respectively. For collinear
case, the band gap is 0.88 eV and the work function is ap-
proximately 5.35 eV. The latter is defined by the energy
difference between the highest energy of occupied states
and the vacuum energy; see the inset of Fig. 3(c). For
the zigzag SS state with q = 0.3 A˚−1, the band gap has a
slight variation of less than 0.1 eV, but the work function
has a noticeable increase of 0.2 eV. Therefore both the
highest occupied state and the lowest unoccupied state
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FIG. 3. (a) Calculated DOS of CrI3 with collinear magne-
tization. The vacuum energy is set as the reference and the
shadow at low energy represents the occupied states. The two
vertical dashed lines denotes the highest energy of the occu-
pied states and the lowest energy of the unoccupied states. (b)
Calculated DOS of a zigzag SS state in CrI3 with q = 0.3 A˚
−1.
The plotted DOS is normalized by the number of Cr atoms
in the unit cell. (c) The highest energy of the occupied states
(solid symbols) and the lowest energy of the unoccupied states
(empty symbols) in CrI3 as a function of the wave vector q.
The black dashed lines are guides for the eyes. The orange
dashed (dash-dotted) line illustrates the lowest energy of the
unoccupied states (the highest energy of the occupied state)
of collinear CrI3. Inset: calculated effective Kohn-Sham po-
tential for an armchair SS with q = 0.17 A˚−1 as a function
of z after averaging over the xy plane. The red dashed line
illustrates the vacuum energy and the green solid and dashed
lines represent the highest energy of the occupied states and
the lowest energy of the unoccupied states, respectively.
are shifted towards lower energy by the noncollinear mag-
netization.
The calculated energies of the highest occupied state
and the lowest unoccupied state are plotted in Fig. 3(c).
The energy of the lowest unoccupied state is lowered from
-4.48 eV for the collinear case (the orange dashed line)
down to around -4.64 eV for both armchair and zigzag
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FIG. 4. (a) Electron density difference between noncollinear
and collinear magnetization. The red (blue) color indicates
the larger (lower) electron density in noncollinear CrI3 com-
pared with the collinear case. The blue and green spheres
denote Cr and I atoms, respectively. The red arrows illus-
trate the magnetic moment orientation in the noncollinear
CrI3. (b) In-plane integrated electron density difference be-
tween the noncollinear and collinear CrI3 as a function of the
out-of-plane coordinate (z).
SSs (the empty symbols). Moreover, this energy shift
does not sensitively depend on the wave vector q; the
empty circles and squares in Fig. 3(c) are located in a
very narrow energy range of [-4.59,-4.67] eV. Analogously,
the calculated energies of the highest occupied state are
independent of the type of SSs and of the wave vector
q. Compared to the highest occupied state of collinear
CrI3 at -5.37 eV (the orange dash-dotted line), this en-
ergy with SSs is shifted down to approximately -5.57 eV
by the presence of the noncollinear magnetization (the
solid symbols). We have artificially turned off the spin-
orbit interaction in the calculation and found that the
above energy shift still exists. In particular, the elec-
tronic states on both sides of the band gap contains
mostly the minority-spin states. Such unique properties
leads to the discovered energy shift, which is noticeable
but not destructive. We emphasize that the local elec-
tronic properties of a magnetic domain wall share the
same features as that calculated for SSs because a SS
can be divided into two 180◦ domain walls with the same
magnetization gradient.
The shift of both the conduction and valence bands of
CrI3 towards the lower energy caused by the noncollinear
magnetization is the key result of this work. Such an un-
expected energy shift originates from the noncollinearity-
induced electron density redistribution, which in turn re-
sults in the increase of the work function. In Fig. 4(a),
we plot the electron density difference in a cross section
between the collinear CrI3 and a zigzag SS state. Positive
(negative) value indicates a larger (smaller) electron den-
sity in noncollinear Cr3 than that of the collinear magne-
tization. The charge redistribution takes place mainly in
the vicinity of Cr atoms and electrons move away from
the central Cr plane. Near I atoms, the charge redis-
tribution is relatively weaker and electrons also moves
away from the central plane of CrI3. This trend can be
seen clearly if we perform the in-plane integration of the
electron density difference, as shown in Fig. 4(b). The
electron density redistribution essentially increases the
surface dipole25 on both sides of CrI3. Owing to this en-
hanced surface dipole, the work function of noncollinear
CrI3 is larger than that of the collinear case. This is
the physical reason why both the valence and conduction
bands are shifted downwards by the noncollinear magne-
tization.
V. DISCUSSIONS
The noncollinearity-modulated electronic structure in
the 2D ferromagnet CrI3, which is schematically illus-
trated in Fig. 1(c), allows us to design nanoscale func-
tional devices. The aforementioned mobile 1D conduct-
ing channel in an insulating 2D sheet can be realized
by appropriate gating. For example, various metallic
substrates may give rise to different gating effect, which
has been studied in graphene and MoS2 on metallic sub-
strates.26 Alternatively, ionic gating can be applied and
is expected to have prominent effect.27 To be more realis-
tic, we estimate the geometric width of the 1D conduct-
ing channel or equivalently the width of domain walls
in the monolayer CrI3. The domain-wall width is essen-
tially determined by the spin stiffness A and magnetic
anisotropy energy K. A large A leads to a slowly varying
magnetization and hence a wide domain wall, whereas a
large K tends to align the magnetization along the easy
axis as much as possible resulting in a narrow domain
wall. Using the calculated values A = −(J1 +6J2)/
√
3 =
19.2 ± 0.8 meV and K = 3.6 ± 1.0 meV/nm2 in Ap-
pendix A, we obtain the domain-wall width in the mono-
layer CrI3 λDW = pi
√
A/K = 7.2±1.0 nm.28 The domain
walls in the monolayer CrI3 are much more narrow than
those in ferromagnetic 3d metals and alloys and are very
promising for precise manipulation of nanoscale electron
transport.
The carrier concentration in the 1D conducting chan-
nel can be estimated using the calculated DOS. As shown
in Fig. 3(a) and (b), the conduction band bottom of non-
collinear CrI3 is lower than that in the collinear case. If
the Fermi level of a monolayer CrI3 is tuned between
the two band bottoms, the domain wall becomes con-
ducting while the domains with collinear magnetization
are still insulating. The integration over the energy be-
tween the blue and red dashed lines in Fig. 3(b) results
in 0.8627 states. Because the plotted DOS is normal-
ized by the number of Cr atoms in the unit cell, the
integral shall be divided by the area per Cr atoms, i.e.√
3a2/4 = 0.212 nm2. Therefore, we find the electron
5TABLE I. Calculated electron density nc in noncollinear CrI3
in the conduction bands, which are in energy below the bot-
tom of conduction band for the collinear case. In practice,
we consider 10% to 50% of these states are occupied so the
carrier concentration shall between 0.1nc and 0.5nc.
Orientation q (A˚−1) nc (1014 cm−2)
Armchair 0.086 4.2
Armchair 0.104 3.8
Zigzag 0.149 4.1
Zigzag 0179 3.8
Zigzag 0.224 4.0
Zigzag 0.299 4.1
Zigzag 0.448 3.0
Armchair 0.518 4.2
Zigzag 0.897 3.1
density
nc =
0.8627
0.212
= 4.1 nm−2 = 4.1× 1014 cm−2. (3)
The electron densities nc for other wave vectors are es-
timated in the same manner, as listed in Table I, which
show very little dependence on q. In practice, one can
possibly charge 10% to 50% of the states between the blue
and red dashed lines in Fig. 3(b), and the carrier concen-
tration for the conducting channel is approximately 0.3–
1.5×1014 cm−2. This carrier concentration is of the same
order of magnitude as the reported experimental values
for typical 2D materials. For example, the carrier density
1013 cm−2 of monolayer and bilayer graphene has been
reported.1,29,30 The carrier concentration on the order of
1012 cm−2 in MoS2 has been reported31 and it can be in-
creased to be an order of magnitude larger via doping or
gating.31,32 The estimated carrier concentration is 2 or 3
orders of magnitude smaller than the density of valence
electrons (2.6 × 1016 cm−2) in the monolayer CrI3 such
that the electronic structure can hardly be influenced by
the occupation of these carrier. This fact justifies our es-
timation of carrier concentration based on the calculated
DOS of neutral systems.
In addition, a monolayer CrI3 on a substrate with
strong SOC would induce the so-called Dzyaloshinskii-
Moriya interaction33,34 because of the broken inversion
symmetry. Therefore, magnetic Skyrmions could be cre-
ated or form a periodic lattice.35 These Skyrmions can be
periodic potential wells of electrons because of the low-
ered conduction bands. With electrons trapped in these
potential wells under proper gating, identical quantum
dots36 can be artificially created in such a system. It is
worth emphasizing that both the 1D conducting chan-
nel and the electron trap can be moved by applying a
magnetic field or exciting spin waves. Such a mobility
of the noncollinear magnetization allows us to realize the
reprogrammable electronic devices at nanoscale.37
VI. CONCLUSIONS
Using first-principles calculation, we have demon-
strated that the noncollinear magnetization in a mono-
layer of 2D ferromagnet CrI3 lowers down both the con-
duction and valence bands and hence increases the work
function of CrI3. The noncollinearity-induced modula-
tion results from the charge redistribution, which en-
hances the surface dipole moment of CrI3. This effect
suggests a new and efficient way of tuning the electronic
structure of 2D ferromagnetic materials by introducing,
e.g., a magnetic domain wall or a Skyrmion, and shall
have potential application in designing nanoscale func-
tional devices made of 2D materials.
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Appendix A: Estimation of domain-wall width in the
monolayer CrI3
A magnetic domain wall width is determined by the
competition of two material parameters, i.e. the spin
stiffness and magnetic anisotropy energy. In this ap-
pendix, we estimate the spin stiffness from the fitted ex-
change interaction and calculate the MAE of the mono-
layer CrI3.
1. Spin stiffness
By introducing a noncollinear magnetization into a
magnetic system, the change in the exchange energy ∆E
can be expressed in terms of the spin stiffness A as28
∆E = A
∫
d3r |∇m(r)|2. (A1)
We only consider the exchange interaction of the nearest
neighbors (NNs) J1 and that of the next nearest neigh-
bors (NNNs) J2 of magnetic Cr atoms. Then the ex-
change energy change reads
∆E =
N∑
n=1
(
NNs∑
i
J1mn ·mi +
NNNs∑
i
J2mn ·mi − 3J1 − 6J2
)
,
(A2)
where N is the total number of Cr atoms in the unit cell
and mn is the magnetization direction of an arbitrary Cr
6atom. Without loss of generality, we consider the magne-
tization gradient along x direction. The magnetization
of neighboring Cr atoms at ri around mn (located at
rn) follows the Taylor expansion (up to the second order
term)
mi = mn +
dm
dx
(xi − xn) + 1
2
d2m
dx2
(xi − xn)2. (A3)
Substituting Eq. (A3) into Eq. (A2), we obtain
∆E = Nm · d
2m
dx2
J1 + 6J2
4
a2, (A4)
where we have used the following relations for the hon-
eycomb lattice,
NNs∑
i
(xi − xn) =
NNNs∑
i
(xi − xn) = 0, (A5)
and
NNs∑
i
(xi − xn)2 = a
2
2
,
NNNs∑
i
(xi − xn)2 = 3a2. (A6)
Because of the relation
m · d
2m
dx2
+
∣∣∣∣dmdx
∣∣∣∣2 = ddx
(
m · dm
dx
)
= 0, (A7)
we can rewrite Eq. (A4) as
∆E = −
∣∣∣∣dmdx
∣∣∣∣2N J1 + 6J24 a2. (A8)
Considering the number of Cr atoms per unit area is
4√
3a2
, we can replace the number of Cr atoms N in
Eq. (A8) by an areal integral N =
∫
d2r 4√
3a2
and finally
arrive at
∆E = −
∫
d2r
∣∣∣∣dmdx
∣∣∣∣2 4√3a2
(
J1
4
+
3J2
2
)
a2
= −J1 + 6J2√
3
∫
d2r
∣∣∣∣dmdx
∣∣∣∣2 . (A9)
Comparing the above expression with the definition,
Eq. (A1), we find the spin stiffness of the monolayer CrI3
A = −(J1 + 6J2)/
√
3 = 19.2 ± 0.8 meV. Note that the
unit of A for 2D ferromagnets is different from that of
three-dimensional materials.
2. Magnetic anisotropy energy
It is usually very challenging to find the converged
value of the MAE using first-principles calculations and
therefore we first examine some numerical convergence in
our calculation. Here we consider the hexagonal unit cell
of the monolayer CrI3 containing two chromium atoms
FIG. 5. (a) Calculated total energy as a function of cut-off
energy of plane waves used in the calculation. (b) Calculated
total energy as a function of thickness of vacuum perpendic-
ular to the atomic plane, which is used to avoid artificial in-
teractions between unit cells. Spin-orbit interaction is turned
on in these numerical tests and the magnetization is collinear
and perpendicular to the atomic plane. (c) Calculated total
energy per Cr atom of the monolayer CrI3 as a function of
Nk, where the 2D BZ is sampled with Nk ×Nk k-mesh. The
black circles (red squares) are obtained with the magnetiza-
tion perpendicular to (parallel with) the atomic plane.
and six iodine atoms. Spin-orbit interaction is turned on
and the collinear magnetization is set to be perpendicular
to the atomic plane. The 2D BZ is sampled by a 10×10
k mesh. A much denser sampling with 80×80 k mesh
has been tested later and all the reported results are well
converged with respect to the sampling of k points in the
BZ. Figure 5(a) shows the calculated total energy as a
function of cut-off energy indicating the convergence is
achieved at 600 eV. Since the periodic boundary condi-
tion is imposed in the calculation, we have checked the
influence of the thickness of vacuum perpendicular to the
atomic plane. As plotted in Fig. 5(b), the total energy is
converged slowly until a 20-A˚-thick vacuum is used. For
safety, we use a 25-A˚-thick vacuum in our calculations.
The MAE of the monolayer CrI3 is calculated by com-
paring the energy difference between the magnetization
aligned inside the atomic plane and perpendicular to it.
As shown in Fig. 5(c), the calculation is carried out with
very dense (up to 80×80) k-mesh, where the magnetic
anisotropy energy is extracted 0.77 meV per Cr atom,
which is in good agreement with the reported values,
0.65 meV,20 0.80 meV,21 and 0.98 meV.19 The minor
difference can be attributed to the different computa-
7tional methods used in the calculations. Summarizing
the spread in the reported MAEs in literature into the
uncertainty, we obtain the final value 0.77 ± 0.20 meV
per Cr atom, or equivalently K = 3.6± 1.0 meV/nm2.
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